All relevant data are within the paper.

Introduction {#sec001}
============

Bats vary widely in form, ecological requirements and reproductive adaptations. On this last topic, male's response to female's reproductive cycle is expressed in a wide variety of reproductive patterns, although most male's responses seem triggered by the female's sexual readiness. Reproductive patterns are usually more flexible in species with constant nutritional supply, i.e., less pronounced seasonal events \[[@pone.0173856.ref001]\].

The common vampire bat *Desmodus rotundus* is endemic in Latin America, and is one of the three bat species which feeds exclusively on blood. Unlike the others, *Desmodus* is quite common and is specialized on bovine blood, being a potential vector of rabies virus \[[@pone.0173856.ref002]--[@pone.0173856.ref004]\]. This species reproduces continuously \[[@pone.0173856.ref001]\]. Their mating system shows a promiscuous pattern, where the groups are composed of 2 to 10 males and 8 to 12 females \[[@pone.0173856.ref001], [@pone.0173856.ref005]\]. Females are characterized as polyestrous \[[@pone.0173856.ref001], [@pone.0173856.ref006], [@pone.0173856.ref007]\]. Although abundant in the Neotropics, little information is available on their reproductive cycle regarding the reproduction of males. Although some histochemical and structural characterization of testicular components have been described \[[@pone.0173856.ref008], [@pone.0173856.ref009]\], no studies were found quantifying the testicular activity and spermatogenesis cycle in this species.

Given their ecological importance to the maintenance of biodiversity \[[@pone.0173856.ref002]\] and due to public health management and control, knowledge of the reproductive cycle of males might be helpful to achieve a rational management of the species. Recent studies on the spermatogenic process in other Chiropteran species have shown interesting characteristics of these animals when compared to other mammals, such as high levels of sperm production and short spermatogenical cycle \[[@pone.0173856.ref010]--[@pone.0173856.ref012]\], which has given a prominent role to bats regarding their reproductive capacity.

Thus, this study aimed describing the complete spermatogenic process of *D*. *rotundus*, through the analysis of the testicular histomorphometry, calculation of indicative indexes of sperm production, characterization of the cells' ultrastructure at the seminiferous epithelium and the estimation of the duration of the spermatogenic process.

Material and methods {#sec002}
====================

Study area and animal collections {#sec003}
---------------------------------

The animals were collected in an abandoned mine of malacacheta exploration, in the city of Juiz de Fora, Paula Lima district, Minas Gerais state, Brazil (21°35\'11,1\"S and 43°21\'49,0\"W) with an approximate altitude of 720 m (source: INMET---National Institute of Meteorology, Brazil). Collections happened in June 2011, using mist nets (7x2 m) near the animals' roost (license number 214887-1/SISBIO/IBAMA). After capture of the animals in their natural environment, during its return for the shelter after foraging, the animals were kept in a cage for birds protected from light. In the morning following the night of capture the animals were transported to the city of Viçosa, Minas Gerais (mean distance of 187 km).

Six adult males (*Desmodus rotundus*) were used in this study. Adult animals were identified based on the fusion of the epiphyseal cartilage of the fourth finger, at the metacarpal-phalangeal junction \[[@pone.0173856.ref013]\]. Bats were fed with bovine blood taken from healthy cows from Department of Veterinary of Federal University of Viçosa (UFV), and treated with anti-coagulant in the night of capture. The blood was obtained during routine veterinary care, without cows' euthanasia. Since the animals' collection to euthanasia, water was provided *ad libitum*. Euthanasia was held the following morning. The euthanasia was performed by an intra-peritoneal injection of sodium pentobarbital (40 mg/kg) (Nembutal, Sigma--Aldrich, St. Louis, MO, USA) followed by a saturated solution of potassium chloride. All experimental procedures were conducted in accordance with the recommendations of the National Council for Animal Experimentation Control (CONCEA), and were approved by the Ethics Committee on Animal Use (CEUA) of Federal University of Viçosa (document number 93/2011). All efforts were made to minimize animal suffering.

Histological processing {#sec004}
-----------------------

The testes were fixed by immersion in Karnovsky solution \[[@pone.0173856.ref014]\] for 24 h and transferred to 70% ethanol. Both testes and the tunica albuginea of one of them were removed and weighed, being the tunica albuginea weight diminished from the gonad weight to calculate the volume of the testicular parenchyma.

Testicular fragments were dehydrated in increasing ethanol series for inclusion either in glycol methacrylate (Historesin, Leica), for light microscopy analyses, or in Paraplast (Sigma), for bromodeoxiuridine labeling and estimative of the duration of the seminiferous epithelium cycle. From the fragments included in glycol methacrylate, semi serial sections at 3 μm-thickness were obtained using a rotary microtome (Leica RM2255), observing a minimum interval of 40 μm between different cuts. The preparations were stained with toluidine blue/sodium borate 1% (Merck) and the morphometric analysis were performed using digital images captured at different magnifications with the light microscope Olympus BX-40. All images were analyzed by the software Image-Pro Plus (Media Cybernetics).

For ultrastructural analysis, testicular fragments were fixed in Karnovsky solution for 1 hour and then transferred to a 2.5% glutaraldehyde solution (EMS, Hatfield, USA) for 24 h. After being rinsed with phosphate buffer, tissues were post-fixed in 1% osmium tetroxide (EMS, Hatfield, USA) in the same buffer for 2 h. Dehydration was performed in ethanol and acetone, followed by adding embedding resin (Epon 812, EMS, Hatfield, USA). Ultrathin sections were contrasted with 3% uranyl acetate and 3% lead citrate (EMS, Hatfield, USA) and observed under a transmission electron microscope (JEOL 1011), in the Center for Microscopy and Microanalysis of UFV.

All histological processing was carefully conducted to diminish the artifacts that may be caused by histological techniques, and thus represent tissues in conditions very close to those of animals *in vivo*.

Testicular stereology {#sec005}
---------------------

The gonadosomatic index (GSI) was calculated dividing the testes weight by the body weight, being the value multiplied by 100.

Once the testis can be divided into the tubular and intertubular compartments: the volumetric ratios between these two were estimated by counting 3520 points projected onto 10 images captured from histological slides. Coincident points over the seminiferous tubules (tunica propria, seminiferous epithelium and lumen) and intertubule (nucleus or cytoplasm of Leydig cells, blood vessels, lymphatic spaces and connective tissue) were recorded. In order to obtaining their percentages, the counting obtained for each element in each image was divided by the number of points scored, multiplying this value by 100. Seminiferous tubules and intertubule volumes were calculated by multiplying the testes' weight by their respective percentages and dividing these values by 100.

The tubulesomatic index (TSI) was calculated in order to quantify the investment in the seminiferous tubules regarding to the total body mass. TSI was obtained by dividing the tubular volume by the body weight and multiplying the result by 100.

The seminiferous tubules diameter and the seminiferous epithelium height were obtained measuring 20 tubular cross-sections, which presents the most circular shape regardless the stage of the cycle. The epithelium height was measured from the tunica propria to the tubular lumen.

The seminiferous tubules length (STL) per testis and per gram of testis were estimated using the formula: STL = STV/πR^2^, where STV = seminiferous tubule volume; πR^2^ = area of the seminiferous tubules cross section; and R = nuclear diameter/2; being the value obtained converted for meters. This value was divided by the testes' weight to calculate the length of the seminiferous tubules per gram of testis.

The average diameter of the Leydig cell nucleus was obtained by counting 30 cells per animal, choosing the ones with the most spherical nuclei and evident nucleoli. The nuclear volume was obtained by the formula 4/3πR^3^, where R = nuclear diameter/2. The cytoplasmic volume was estimated by multiplying the percentage of cytoplasm by the nuclear volume, divided by the nuclear percentage. The single cell volume was estimated by adding the nuclear and cytoplasmatic volumes. These values were expressed in μm^3^.

The number of Leydig cells per testis was estimated from the Leydig cell individual volumes and the total volume occupied by Leydig cells in the testicular parenchyma. This value was divided by the testes weight, to estimate the number of Leydig cells per gram of testis, which allows comparisons between different species. The Leydigosomatic index, which quantifies the investment in Leydig cells related to body mass, was estimated by dividing the Leydig cell volume in the testicular parenchyma by the body weight, multiplied by 100.

Stages and duration of the seminiferous epithelium cycle {#sec006}
--------------------------------------------------------

The stages of the seminiferous epithelium cycle (SEC) were characterized using the tubular morphology method \[[@pone.0173856.ref015]\]. Eight stages were characterized based on the shape and location of the nucleus of spermatids and spermatocytes and the occurrence of figures of meiotic division. The relative frequency of the stages were calculated based on the identification and occurrence of each stage in 200 cross sections of seminiferous tubules in each animal.

To calculate the duration of the SEC, two specimens of *D*. *rotundus* were injected with 0.1 mL of commercial bromodeoxiuridine intratesticularly (Invitrogen BrdU Labeling Reagent number 00--0103 Camarillo, USA). Spermatogenesis duration can be determined via BrdU injection since this substance is incorporated into the nucleus of germ cells that are synthesizing DNA at the time of application. The animals were euthanized after 1 h and after 5 days of BrdU injection. After fixation in Karnovsky solution \[[@pone.0173856.ref014]\], the testes were dehydrated in a series of increasing concentrations of ethanol and subsequently cleared in three consecutive baths of xylene before being embedded in Paraplast (Sigma-Aldrich).

Detection of BrdU was done by staining sections of 4 μm thickness with a monoclonal antibody, according with the Invitrogen BrdU Staining Kit number 93--3943 (Camarillo, USA). Sections were deparaffinized and rehydrated, washed in PBS, and peroxidase activity was endogenously blocked with H~2~O~2~ and methanol. Then, the slides were washed in PBS for enzymatic pretreatment that was performed by incubation in trypsin solution. After washing in distilled water, slides were incubated with denaturing solution, followed by washing in PBS and incubation in blocking solution, which was not washed. Then, the material was incubated with biotinylated monoclonal mouse anti-BrdU, followed by the incubation with streptavidin-peroxidase. Immunoreactive cells were detected by incubating the slides with a mixture of 3,3-diaminobenzidine tetrachloride (DAB) and hydrogen peroxide, protected from light. The sections were counterstained with hematoxylin, dehydrated in ethanol, cleared in xylene and mounted.

SEC estimated duration was possible by observing the most advanced cell type in the epithelium, positive for BrdU labelling. The frequency of the stages that had gone through from the BrdU injection to its detection was then calculated. The frequency of the complete stages corresponds to the time spent, and the duration of a cycle of the seminiferous epithelium was calculated.

Quantification of the spermatogenic yield {#sec007}
-----------------------------------------

The population of each germ cell type was estimated by counting the germ cell nuclei and Sertoli cell nucleoli present in stage 1 of the SEC, by using 10 tubular cross-sections *per* animal. It was considered in stage 1 the cross sections which showed only one generation of spermatids at a round shape, after the second meiotic division of secondary spermatocytes \[[@pone.0173856.ref015]\]. The nuclear diameters of 30 type-A spermatogonia (A), primary spermatocytes in preleptotene/leptotene (PL-L), primary spermatocytes in pachytene (PC), round spermatids (RS) and nucleoli of Sertoli cells (SC) were measured. The final averages were corrected considering the cut thickness along with the nuclear or nucleolar diameters of germ cells and Sertoli cells, respectively. The cell countings were taken according to the methodology proposed by Abercrombie \[[@pone.0173856.ref016]\], modified by Amann and Almquist \[[@pone.0173856.ref017]\].

The intrinsic efficiency of spermatogenesis was calculated from the rates found among the corrected numbers of germ cells, in order to quantify the efficiency of spermatogenesis. The mitotic index, also known as coefficient of spermatogonial mitosis (PL-L/A), was determined to quantify the loss or degeneration occurring during the spermatogonial phase. The meiotic index (RS/PC) was also obtained in order to determine the efficiency of meiotic divisions and the overall spermatogenesis yield (RS/A), quantifying the efficiency of the spermatogenic process as a whole. We also determined the Sertoli cells index, which indicates the support capacity of this cell type by the total number of germ cells. This index was obtained from the rates found between the corrected number of germ cells and the corrected number of Sertoli cells in stage 1 of the SEC ((A + PL-L + PC + RS)/SC).

The total number of Sertoli cells per testis was obtained multiplying its corrected number by the tubular length per testis (in micrometers), and dividing this value by the cut thickness \[[@pone.0173856.ref018]\]. The number of Sertoli cells per gram of testis was obtained by dividing the total cell number by the mean testicular weight.

Assuming that the cell loss is not significant in spermiogenesis, the testicular sperm reserves (TSR), both per testis or per gram of testis, were calculated based on the round spermatids population in stage 1 of the SEC. Thus, the average number of round spermatids was taken in seminiferous tubules cross sections of known thickness. This number was corrected for the total length of the tubule per testis (in micrometers) or per gram of testis, using the following formula: TSR = (length of the seminiferous tubules/cut thickness) x corrected number of round spermatids per cross section \[[@pone.0173856.ref015]\]. The daily sperm production (DSP) was calculated by dividing the TSR by the SEC duration. Both the TSR and the DSP per gram of testis were obtained by dividing its values per testis by the testes' weight.

Statistical analysis {#sec008}
--------------------

The results were submitted to descriptive statistical analysis and the averages obtained were expressed as mean ± standard deviation.

Results {#sec009}
=======

Testicular stereology {#sec010}
---------------------

Biometric results and volumetric proportions of the components of the testicular parenchyma of *D*. *rotundus* are listed in [Table 1](#pone.0173856.t001){ref-type="table"}, and the arrangement of testicular parenchyma are showed on Figs [1](#pone.0173856.g001){ref-type="fig"} and [2](#pone.0173856.g002){ref-type="fig"}. Vampire bats showed an average body weight of 36.53g and testicular weight of 0.20g, thus resulting in a GSI of 0.54%. Discounting the percentage of 11.54% represented by albuginea, 94.09% of the testicular parenchyma was composed by seminiferous tubules and the remaining 5.91% was represented by the intertubule. With an average tubular volume of 0.18 mL and tubular diameter of 188.04 μm, the animals of this study showed tubular length of 34.70 m per gram of testis. The seminiferous epithelium, which represented 73.68% of the tubular compartment, had an average epithelium height of 56.73 μm and was obtained a TSI of 0.49%.

10.1371/journal.pone.0173856.t001

###### Biometric and morphometric data of testicular components in the bat *Desmodus rotundus*.

![](pone.0173856.t001){#pone.0173856.t001g}

  Parameters (n = 6)                          Mean±SD
  ------------------------------------------- --------------
  **Body weight (g)**                         36.53±3.32
  **Testis weight (g)**                       0.20±0.02
  **Gonadosomatic index (%)**                 0.54±0.10
  **Tunica albuginea (%)**                    11.54±2.77
  **Testis parenchyma volume density**        
  ** Tubular compartment (%)**                94.09±2.16
  ** Tubular compartment (mL)**               0.18±0.02
  **  Tunica propria (%)**                    3.35±0.38
  **  Seminiferous epithelium (%)**           73.68±5.18
  **  Lumen (%)**                             17.05±3.60
  ** Intertubular compartment (%)**           5.91±2.16
  ** Intertubular compartment (mL)**          0.013±0.005
  **  Leydig cell (%)**                       51.20±20.16
  **  Connective tissue (%)**                 6.04±4.12
  **  Blood vessel (%)**                      19.5±4.36
  **  Lymphatic space (%)**                   23.25±14.88
  **Tubular diameter (μm)**                   188.04±35.96
  **Seminiferous epithelium height (μm)**     56.73±11.72
  **Tubular length per testis (m)**           6.96±3.28
  **Tubular length per gram of testis (m)**   34.70±14.16
  **Tubulesomatic index (%)**                 0.49±0.10

Data are expressed as mean ± standard deviation.

![Histological cross-sections of seminiferous tubules showing the eight stages of the seminiferous epithelium cycle in *Desmodus rotundus*, according to the tubular morphology method.\
(a) Stage 1; (b) Stage 2; (c) Stage 3; (d) Stage 4; (e) Stage 5; (f) Stage 6; (g) Stage 7; (h) Stage 8. Sc: Sertoli cell; A: type A spermatogonia; I: intermediate spermatogonia; B: type B spermatogonia; PL-L: primary spermatocyte in preleptotene to leptotene; Z: primary spermatocyte in zygotene; P: primary spermatocyte in pachytene; D: primary spermatocyte in diplotene; M: metaphase figure; Rs: round spermatid; Es: elongating/elongated spermatid; Rb: residual bodies; L: lumen of seminiferous tubule; →: myoid cell at tunica propria. Bars: 40 μm.](pone.0173856.g001){#pone.0173856.g001}

![Organization of the intertubular compartment in the testis of *Desmodus rotundus*.\
SE: seminiferous epithelium; BV: blood vessel; LS: lymphatic space; Black arrow: Leydig cell nuclei; \*: Leydig cell nucleoli; White arrowhead: lipid droplet at Leydig cell cytoplasm. White arrow: mitochondria at Leydig cell cytoplasm. Light microscopy, scale bar 30 μm (a); Transmission electron microscopy, scale bar 2 μm (b).](pone.0173856.g002){#pone.0173856.g002}

While the seminiferous epithelium was the main component of the tubular compartment ([Fig 1](#pone.0173856.g001){ref-type="fig"}), the intertubular compartment was composed predominantly by Leydig cells ([Fig 2](#pone.0173856.g002){ref-type="fig"}), followed by lymphatic space ([Table 1](#pone.0173856.t001){ref-type="table"}). Lipid droplets could be observed on the cytoplasm of Leydig cells ([Fig 2a](#pone.0173856.g002){ref-type="fig"}), and the mitochondria were the main organelle ([Fig 2b](#pone.0173856.g002){ref-type="fig"}). These cells showed an average nuclear diameter of 7.18 μm, leading to a nuclear, cytoplasmic and total volume of Leydig cell of 196.96 μm^3^, 856.98 μm^3^ and 1053.88 μm^3^, respectively. The average number of Leydig cells *per* gram of testis was 23.77x10^6^ cells, and the Leydigosomatic index was 0.015% ([Table 2](#pone.0173856.t002){ref-type="table"}).

10.1371/journal.pone.0173856.t002

###### Leydig cell morphometry in the bat *Desmodus rotundus*.

![](pone.0173856.t002){#pone.0173856.t002g}

  Parameters (n = 6)                                             Mean±SD
  -------------------------------------------------------------- ----------------
  **Nuclear diameter (μm)**                                      7.18±0.57
  **Nuclear percentage (%)**                                     20.31±7.34
  **Cytoplasm percentage (%)**                                   79.69±7.34
  **Nucleus volume (μm**^**3**^**)**                             196.96±50.66
  **Cytoplasm volume (μm**^**3**^**)**                           856.98±384.98
  **Leydig cell volume (μm**^**3**^**)**                         1053.88±388.55
  **Leydig cell number *per* testis (x10**^**5**^**)**           46.90±19.30
  **Leydig cell number *per* gram of testis (x10**^**6**^**)**   23.77±8.77
  **Leydigosomatic index (%)**                                   0.015±0.009

Data are expressed as mean ± standard deviation.

Stages of the seminiferous epithelium cycle {#sec011}
-------------------------------------------

[Fig 1](#pone.0173856.g001){ref-type="fig"} shows the 8 stages comprising the seminiferous epithelium cycle (SEC) of *D*. *rotundus*, according to the tubular morphology method, and the progression of cell divisions and cell specific associations in each stage are schematized in [Fig 3](#pone.0173856.g003){ref-type="fig"}.

![Diagram of the spermatogenic process in *Desmodus rotundus*, with the mean frequency (%) and the duration in days of each one of the eight stages of the seminiferous epithelium cycle.\
Each line corresponds to a generation of spermatogenic cells and each column corresponds to one stage. The roman numerals indicate the spermatogenic cycles. A: type A spermatogonia; I: intermediate spermatogonia; B: type B spermatogonia; PL-L: primary spermatocyte in preleptotene to leptotene; Z: primary spermatocyte in zygotene; P: primary spermatocyte in pachytene; D: primary spermatocyte in diplotene; S: secondary spermatocyte; Rs: round spermatid; Es: elongated spermatid. The labeled germinative cells which was more advanced (arrows) at the eight stages of the cycle, 1 hour and 5 days after treatment with bromodeoxiuridine, was respectively the PL-L at stage 1 and the Z at stage 3.](pone.0173856.g003){#pone.0173856.g003}

Sertoli cells and type A spermatogonia were observed in all stages. During the spermatogonial mitosis the A-type spermatogonia undergoes transition to the Intermediate-type, at stage 6, while B-type spermatogonia are at stage 7. B-type spermatogonia originates the primary spermatocyte in pre-leptotene at stage 8, and this cell type starts the first meiotic division. It will be in the transition from pre-leptotene to leptotene on the next stage 1. The primary spermatocyte in leptotene will be found in the stages 1 to 2, originating the spermatocyte in zygotene at stage 2. This was also found in stage 3 and undergoes transition to the pachytene on stages 4 and 5. Primary spermatocytes in pachytene were found at stages 5 to 8. This cell type undergoes transition to the diplotene at the following stage 3, and the second meiotic division happens on the following stage 4, originating secondary spermatocytes. Since the second meiotic division is faster than the first, the secondary spermatocyte quickly originates the round spermatids, still at stage 4. These newly formed round spermatids initiate the elongating process in the next stage 2, and elongated spermatids can be seen from stages 3 to 8.

Therefore, different generations of spermatocytes and only one generation of spermatids are usually observed in stages 1 to 3, while one generation of spermatocytes and two generations of spermatids could be observed from stages 5 to 8. These patterns are due to the two meiotic divisions occurring at stage 4, when we observed spermatocytes in the metaphase plate ([Fig 1d](#pone.0173856.g001){ref-type="fig"}). This stage is characterized by the transition from primary spermatocytes in diplotene to secondary spermatocytes, and from these to round spermatids. From stages 5 to 8, both newly formed round spermatids (old generation) and the elongated spermatids can be seen. Elongated spermatids became more and more elongated and close to the tubular lumen as we observed them at a developmental stage ready to be released from the seminiferous epithelium (Figs [1](#pone.0173856.g001){ref-type="fig"} and [3](#pone.0173856.g003){ref-type="fig"}).

According to the average frequencies represented by each stage ([Fig 3](#pone.0173856.g003){ref-type="fig"}), the pre-meiotic, meiotic and post-meiotic stages represented respectively 60.78%, 10.33% and 28.89% of the SEC.

Duration of the seminiferous epithelium cycle {#sec012}
---------------------------------------------

Stained cells, most advanced in the seminiferous epithelium after 1 hour of BrdU application, were the primary spermatocytes in preleptotene-leptotene at stage 1 of the seminiferous epithelium cycle (SEC) ([Fig 3](#pone.0173856.g003){ref-type="fig"}). The most advanced labelled cells after 5 days of BrdU application was the primary spermatocyte, ending the transition from leptotene to zygotene at stage 3 (Figs [3](#pone.0173856.g003){ref-type="fig"} and [4a](#pone.0173856.g004){ref-type="fig"}). During the transition from stage 3 to 4, only the spermatogonia remained labeled ([Fig 4b](#pone.0173856.g004){ref-type="fig"}). Within 5 days, we observed a 60.78% progression of the SEC (average frequency of the stages 1 to 3). A cycle was therefore 8.23 days on average. Considering that 4.5 seminiferous epithelium cycles are necessary for the whole spermatogenic processes to be completed, we estimate a total of 37.02 days for the complete spermatogenesis duration in *D*. *rotundus*.

![The most advanced labelled germ cell types found after intratesticular bromodeoxiuridine injections in *Desmodus rotundus*.\
Leptotene to Zygotene cells in stage 3 (a) and type A spermatogonia in stage 3 to 4 (b) of the seminiferous epithelium cycle. Arrows indicate marking with bromodeoxiuridine. Bars: 20 μm.](pone.0173856.g004){#pone.0173856.g004}

Quantification of the spermatogenic yield {#sec013}
-----------------------------------------

The counting of germ cells at stage 1 of SEC are shown in [Table 3](#pone.0173856.t003){ref-type="table"}. These counting showed a mitotic index of 16.93%, meiotic index of 2.51% and spermatogenic yield of 60.00%. Considering all germ cells, a single Sertoli cell of *D*. *rotundus* is able to support 20.06 germ cells. Each testis of *D*. *rotundus* showed an average of 13.20x10^6^ Sertoli cells and in each gram of testis were found on average 13.10x10^7^ Sertoli cells. The spermatic reserve found in each gram of testis was of 71.44x10^7^ cells, and the daily spermatic production per gram of testis was of 86.80x10^6^ spermatozoon.

10.1371/journal.pone.0173856.t003

###### Germ cells and spermatic production indexes in *Desmodus rotundus*.

![](pone.0173856.t003){#pone.0173856.t003g}

  Parameters (n = 6)                                                               Mean±SD
  -------------------------------------------------------------------------------- -------------
  **Cell population at stage 1 of the SEC**[\*](#t003fn001){ref-type="table-fn"}   
  ** Type A spermatogonia**                                                        1.21±0.44
  ** Pre-leptotene/leptotene spermatocyte**                                        18.92±4.55
  ** Pachytene spermatocyte**                                                      26.47±4.74
  ** Round spermatid**                                                             65.90±8.29
  ** Sertoli cell**                                                                5.76±0.80
  **Mitotic index**                                                                16.93±6.45
  **Meiotic index**                                                                2.51±0.18
  **Spermatogenic yield**                                                          60.00±22.12
  **Sertoli cell index**                                                           20.06±5.44
  **Sertoli cell number per testis (x 10**^**6**^**)**                             13.20±6.20
  **Sertoli cell number per gram of testis (x 10**^**7**^**)**                     13.10±5.42
  **Spermatic reserve per testis (x 10**^**7**^**)**                               14.20±4.52
  **Spermatic reserve per gram of testis (x 10**^**7**^**)**                       71.44±17.94
  **Daily spermatic production per testis (x 10**^**6**^**)**                      17.25±5.49
  **Daily spermatic production per gram of testis (x 10**^**6**^**)**              86.80±21.80

\* SEC = seminiferous epithelium cycle, according to the tubular morphology method \[[@pone.0173856.ref015]\].

Ultrastructure of germ cells {#sec014}
----------------------------

The ultrastructure of some cell types of the seminiferous epithelium is shown in [Fig 5](#pone.0173856.g005){ref-type="fig"}. We observed the spermatogonia located near the basal lamina of the epithelium ([Fig 5a](#pone.0173856.g005){ref-type="fig"}). In the same region, we observed a large amount of scattered mitochondria in Sertoli cells' cytoplasm ([Fig 5b](#pone.0173856.g005){ref-type="fig"}). Primary spermatocytes at the transition from pre-leptotene to leptotene were also observed near the basal lamina ([Fig 5c](#pone.0173856.g005){ref-type="fig"}). The leptotene spermatocytes originate zygotene spermatocytes ([Fig 5d](#pone.0173856.g005){ref-type="fig"}), which originate pachytene spermatocytes ([Fig 5e](#pone.0173856.g005){ref-type="fig"}) and finally diplotene spermatocytes ([Fig 5f](#pone.0173856.g005){ref-type="fig"}). Gradually these cell types advanced in the seminiferous epithelium into the tubular lumen. Surrounding the lumen we found the round spermatids ([Fig 5g--5i](#pone.0173856.g005){ref-type="fig"}) with cytoplasmic bridges ([Fig 5g](#pone.0173856.g005){ref-type="fig"}) and elongated spermatids, which were initially inserted into the seminiferous epithelium and ascended gradually from stages 5 to 8 ([Fig 5e](#pone.0173856.g005){ref-type="fig"}). The two generations of spermatids could be distinguished by its nuclear shape and acrosomal formation ([Fig 5e and 5h](#pone.0173856.g005){ref-type="fig"}).

![Ultrastructure of the germ cells of the seminiferous epithelium in *Desmodus rotundus*.\
A: type A spermatogonia; PL-L: primary spermatocyte in preleptotene to leptotene; Z: primary spermatocyte in zygotene; P: primary spermatocyte in pachytene; D: primary spermatocyte in diplotene; Rs: round spermatid; Es: elongated spermatid; Tp: tunica propria; Ic: intertubular compartment; M and →: mitochondria; Cb: cytoplasmic bridge; \*: Acrosomal cap.](pone.0173856.g005){#pone.0173856.g005}

Discussion {#sec015}
==========

Considering the worldwide distribution and great diversity exhibited by bats, remarkably limited attention has been given to different patterns of reproduction in males. Overall, the reproductive system characteristics are not well described, and little is known about the control of reproduction \[[@pone.0173856.ref001]\], specially at a cellular level. Given the lack of information for this particular Order, we provide here a better understanding of the spermatogenic process in one of the most interesting and intriguing bat species---the common vampire bat.

Testicular stereology {#sec016}
---------------------

When compared to other bat species, *D*. *rotundus* GSI was higher than the index observed in the frugivorous bat *Sturnira lilium* (0.27%, \[[@pone.0173856.ref012]\]) and in the insectivorous bat *Molossus molossus* (0.46%, \[[@pone.0173856.ref010]\]). It is proposed that the testicular size is closely related to the species reproductive behavior \[[@pone.0173856.ref019]\]. Most Neotropical bats live in single male-multifemale groups (harems) and usually have higher GSI compared to monogamous species, such as the crab-eating fox (0.06%, \[[@pone.0173856.ref020]\]). Higher GSI found in these species reflects a higher testicular investment required for the maintenance of the harem \[[@pone.0173856.ref001]\].

The percentages of testicular parenchyma in seminiferous tubules and intertubule were similar to the observed in the bats *Artibeus lituratus* \[[@pone.0173856.ref021]\], *S*. *lilium* \[[@pone.0173856.ref012]\] and *M*. *molossus* \[[@pone.0173856.ref010]\], while the percentages of tunica propria, seminiferous epithelium and lumen found for vampire bats were similar to that observed in *M*. *molossus* \[[@pone.0173856.ref010]\]. The tubular diameter and the height of seminiferous epithelium were larger than observed in other bats \[[@pone.0173856.ref010], [@pone.0173856.ref012]\].

As for the GSI, the higher TSI and length of seminiferous tubules *per* gram of testis found in *D*. *rotundus*, as well in other bats \[[@pone.0173856.ref010], [@pone.0173856.ref012], [@pone.0173856.ref021]\], seems to be associated to their reproductive behavior. It is proposed that smaller animals show a higher investment in sperm production \[[@pone.0173856.ref019]\]. The higher tubular length is also in accordance with the pattern previously described for other bats \[[@pone.0173856.ref010], [@pone.0173856.ref012], [@pone.0173856.ref021]\], which is in agreement with the hypothesis that bats usually show a tubular length considerably larger than most mammals \[[@pone.0173856.ref022]--[@pone.0173856.ref026]\].

Leydig cells were the main component in the intertubular space, which also follows the pattern previously described for other bats. In vampire bat, the percentage of Leydig cells was lower compared to frugivorous and insectivorous bats and consequently the percentage of lymphatic space was larger \[[@pone.0173856.ref021], [@pone.0173856.ref027], [@pone.0173856.ref028]\], yet within the numbers reported for other mammals \[[@pone.0173856.ref022], [@pone.0173856.ref029]--[@pone.0173856.ref033]\]. The larger investment in Leydig cells found in bats might also be associated to their reproductive behavior, as high levels of testosterone would be required for the maintenance of spermatogenesis and male dominance in harem colonies \[[@pone.0173856.ref023], [@pone.0173856.ref027], [@pone.0173856.ref028]\]. This steroidogenic capacity is reinforced by the large number of mitochondria in their cytoplasm, being that the shape of this organelle frequently varies from spherical to elongated or tubular in steroidogenic cells \[[@pone.0173856.ref034]\].

The results obtained from the Leydig cells morphometry were also bellow the observed in *M*. *molossus* \[[@pone.0173856.ref027]\] and in *S*. *lilium* \[[@pone.0173856.ref028]\], however higher than in *Myotis levis* \[[@pone.0173856.ref035]\] and within the recorded for other mammals \[[@pone.0173856.ref022], [@pone.0173856.ref029]--[@pone.0173856.ref033]\]. The Leydigosomatic index was similar to that observed in other bats and higher than the observed in larger animals \[[@pone.0173856.ref021], [@pone.0173856.ref027], [@pone.0173856.ref028], [@pone.0173856.ref030], [@pone.0173856.ref032], [@pone.0173856.ref033]\].

Stages and duration of the seminiferous epithelium cycle {#sec017}
--------------------------------------------------------

In *Desmodus*, the 8 stages comprising the seminiferous epithelium cycle (SEC), according to the tubular morphology method \[[@pone.0173856.ref015]\], followed the pattern found in other bats and mammals, as described further. Stage 1 was the most frequent, which is in accordance with the observed in several mammals \[[@pone.0173856.ref010], [@pone.0173856.ref011], [@pone.0173856.ref022], [@pone.0173856.ref023], [@pone.0173856.ref030], [@pone.0173856.ref036]--[@pone.0173856.ref039]\]. Unlike *M*. *molossus* and *S*. *lilium*, *D*. *rotundus* testes showed primary spermatocytes in zygotene at stage 2, similarly the pattern described in other mammalian orders \[[@pone.0173856.ref010], [@pone.0173856.ref011], [@pone.0173856.ref022], [@pone.0173856.ref026], [@pone.0173856.ref040]--[@pone.0173856.ref041]\].

In general, the duration of the spermatogenic cycle is constant among individuals from the same species, since it is under the germ cells genotype control \[[@pone.0173856.ref042]\]. The average duration of 8.23 days for each cycle of SEC found in *D*. *rotundus* was within the range of 7 to 14 days registered for other mammals \[[@pone.0173856.ref022]\]. The shortest duration was registered for the bat *S*. *lilium*, with 3.45 days, and the largest duration was registered for the opossum *Didelphis albiventris*, with 17.30 days \[[@pone.0173856.ref011], [@pone.0173856.ref043]\]. Total duration of spermatogenesis in *D*. *rotundus* (37.02 days) was also within the average previously recorded for mammals, varying from 29 to 75 days \[[@pone.0173856.ref022], [@pone.0173856.ref024], [@pone.0173856.ref044], [@pone.0173856.ref045]\]. We emphasize, however, that the values we obtained for vampire bats were closer to the lower values recorded. For this reason, its short spermatogenic cycle seems to allow males to regulate their reproductive cycle in accordance with the sexual readiness of females, described as polyestrous. These data corroborate so with previous findings in relation to the male reproductive behavior \[[@pone.0173856.ref001]\].

Spermatogenic yield {#sec018}
-------------------

The mitotic index shows that 16.93 primary spermatocytes in pre-leptotene to leptotene were produced by each type A spermatogonia, thus estimating a cell loss of 74% at the spermatogonial phase. This percentage loss is within the range of 60 to 90% previously registered for mammals \[[@pone.0173856.ref010], [@pone.0173856.ref012], [@pone.0173856.ref022]\]. The meiotic yield shows that 2.5 round spermatids were produced at the end of meiosis, also within the range recorded for mammals (from 1.90 to 3.62 cells) \[[@pone.0173856.ref010], [@pone.0173856.ref012], [@pone.0173856.ref022], [@pone.0173856.ref026], [@pone.0173856.ref040], [@pone.0173856.ref046]--[@pone.0173856.ref051]\]. The overall yield of spermatogenesis estimated for *D*. *rotundus* was 60 spermatozoa, below the number recorded for *S*. *lilium* and above the annual average recorded for *M*. *molossus* and several other domestic and wild mammals \[[@pone.0173856.ref010], [@pone.0173856.ref012], [@pone.0173856.ref022], [@pone.0173856.ref026], [@pone.0173856.ref040], [@pone.0173856.ref049], [@pone.0173856.ref050]\].

The support capacity performed by Sertoli cells, which was 20.06 germ cells in *D*. *rotundus*, could be considered high, and was within the average of other mammals, ranging from 10 to 22 cells \[[@pone.0173856.ref022], [@pone.0173856.ref026], [@pone.0173856.ref049], [@pone.0173856.ref052], [@pone.0173856.ref053]\], in contrast to the low capacity support observed in *S*. *lilium* \[[@pone.0173856.ref012]\] and *M*. *molossus* \[[@pone.0173856.ref010]\]. Similar to *M*. *molossus*, we observed a large number of Sertoli cells per gram of testis in *D*. *rotundus* when compared to other mammals \[[@pone.0173856.ref010], [@pone.0173856.ref022], [@pone.0173856.ref026], [@pone.0173856.ref051]\]. This cell interacts directly with the germ cells and provides several functions that are crucial for the regulation of spermatogenesis, like the support and nutrition of the developing germ cells, immunological protection for the haploid cells and release of late spermatids into the tubular lumen \[[@pone.0173856.ref022], [@pone.0173856.ref054]\].

The spermatic reserve found per gram of testis in *D*. *rotundus* was similar to that observed in other bats, which was found to be between 56.64x10^7^ and 76.52x10^7^ cells \[[@pone.0173856.ref010], [@pone.0173856.ref012]\]. This reserve is higher in bats as compared to larger animals, as the jaguar and the African lion, found to have among 103.80x10^6^ and 165.90x10^6^ cells \[[@pone.0173856.ref047], [@pone.0173856.ref050]\]. Regarding the daily spermatic production per gram of testis in *D*. *rotundus*, that value was 2.4 times smaller to that found in *S*. *lilium* and three times higher than in mammals such as the jaguar, paca and agouti \[[@pone.0173856.ref046], [@pone.0173856.ref055], [@pone.0173856.ref056]\], corroborating the hypothesis of higher investment in spermatic production in smaller animals \[[@pone.0173856.ref019]\].

Ultrastructure of germ cells {#sec019}
----------------------------

The ultrastructure of germ cells followed the pattern found in other mammals, including other bat species. Were observed type A spermatogonia and primary spermatocytes in transition from pre-leptotene to leptotene in its characteristic location, closer to the epithelium basement membrane. During the meiotic phase, the primary spermatocyte begins to move away from the basement membrane into the tubular lumen, leaving the baseline setting and occupying the adluminal compartment \[[@pone.0173856.ref012], [@pone.0173856.ref054], [@pone.0173856.ref057], [@pone.0173856.ref058]\].

From the spermatocyte in leptotene emerges the synaptonemal complex, which is present until the diplotene phase. Gradually the nucleus increases in size and the chromatin becomes condensed. Nucleolar structure also becomes condensed and well organized in leptotene and zygotene phases, losing its morphological integrity during pachytene and diplotene. In general, spermatocytes are cells of sparse cytoplasm and a few organelles, and mitochondrias are the most frequently observed \[[@pone.0173856.ref054], [@pone.0173856.ref057], [@pone.0173856.ref058]\].

Despite the spermatids can be seen in all stages, they can be distinguished by their nuclear shape and acrosome formation, which occupies about 95° to 120° of the nuclear surface in the first generation of spermatid, the round spermatids, at stage 7 of the SEC, and are in complete formation over the nuclear surface of the second generation of spermatids, the elongated spermatid, from the stages 6 to 8 of the SEC \[[@pone.0173856.ref059]\]. The cytoplasmic bridges evidenced between the round spermatids allow a synchronous cellular development, as the various cell generations observed in the seminiferous epithelium are in a sequence of increasing maturation, initiating from the base to the tubular lumen \[[@pone.0173856.ref054]\].

Conclusions {#sec020}
===========

Considering our findings, we conclude that *D*. *rotundus* shows a testicular pattern similar to that described for other mammals. The results obtained on testicular morphometry and indicative indices of sperm production were generally similar to those described in other bats species. In this study we corroborate the trend proposal of high sperm production found through spermatogenic studies of other chiropterans. Our results are also in agreement with previous findings describing a continuous reproductive cycle in tropical bats, directly related to females polyestry and the promiscuous mating system. Additionally, the first description of the total spermatogenesis duration in *D*. *rotundus* may be considered an important tool for studies aiming at an adequate reproductive management of the species in order to minimize damage to public health and livestock, regarding the transmission of the rabies virus, without affecting the conservation status of this species.
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